A numerical study was conducted at the German Aerospace Center in Lampoldshausen, to investigate the impact of various chemical models on reactive nozzle flow. Therefore, a chemical reaction mechanism for oxygen/methane combustion was implemented into DLR's flow solver TAU. Ignition delay simulations were conducted to demonstrate the validity of the implementation. The implemented baseline chemistry model was applied for generic nozzle flow simulations and the results were compared to frozen nozzle flow and nozzle flow in chemical equilibrium, in order to investigate the impact of the finiterate approach. The baseline reaction mechanism was reduced to a basic configuration and applied to the generic nozzle flow. A good agreement with the baseline model was observed. Both approaches were applied for dual-bell nozzle flow simulations. Validation data for the simulations were obtained during a hot flow test campaign. The experiments yielded a clear impact of the combustion chamber mixture ratio on the dual-bell transition nozzle pressure ratio. RANS simulations of the dual-bell nozzle flow were conducted and almost no deviation between baseline and reduced chemical approach was observed. A reduction of 93 % of the computational cost was reached with the reduced model. The dual-bell transition behavior at different values of combustion chamber mixture ratio was investigated, applying RANS simulations with reduced chemistry model. The impact of the mixture ratio on the transition NPR was clearly reproduced by the numerical approach. A good agreement with the experimentally obtained transition NPR values was reached.
A numerical study was conducted at the German Aerospace Center in Lampoldshausen, to investigate the impact of various chemical models on reactive nozzle flow. Therefore, a chemical reaction mechanism for oxygen/methane combustion was implemented into DLR's flow solver TAU. Ignition delay simulations were conducted to demonstrate the validity of the implementation. The implemented baseline chemistry model was applied for generic nozzle flow simulations and the results were compared to frozen nozzle flow and nozzle flow in chemical equilibrium, in order to investigate the impact of the finiterate approach. The baseline reaction mechanism was reduced to a basic configuration and applied to the generic nozzle flow. A good agreement with the baseline model was observed. Both approaches were applied for dual-bell nozzle flow simulations. Validation data for the simulations were obtained during a hot flow test campaign. The experiments yielded a clear impact of the combustion chamber mixture ratio on the dual-bell transition nozzle pressure ratio. RANS simulations of the dual-bell nozzle flow were conducted and almost no deviation between baseline and reduced chemical approach was observed. A reduction of 93 % of the computational cost was reached with the reduced model. The dual-bell transition behavior at different values of combustion chamber mixture ratio was investigated, applying RANS simulations with reduced chemistry model. The impact of the mixture ratio on the transition NPR was clearly reproduced by the numerical approach. A good agreement with the experimentally obtained transition NPR values was reached. 
Nomenclature

D
uring the last decades, the development of the Ariane 5 launcher family directed the concentration of Europe's launcher propulsion research activities and the development of numerical models for rocket engines to the propellant combination LOX/H2. This improved Europe's knowledge in the utilization of this particular cryogenic propellant combination and is the reason why limited knowledge and experience in the handling of hydrocarbon fuel combinations exists in western Europe. The growing interest in reusable space transportation systems brings the use of methane as fuel of the next generation rocket engines more into focus.
Compared to kerosene, methane has several advantages for the application as rocket engine fuel. Using the same engine cycle, the specific impulse of a LOX/CH4 motor is about 10 s higher than for a LOX/Kerosene engine.
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As a cooling fluid, methane can take off the same heat flux as kerosene while using only half of the cooling fluid mass flow rate.
2 In addition less soot deposition is observed for methane oxidation compared to kerosene.
3 Methane is easier to store in comparison to hydrogen because of its higher molecular weight and is therefore a better choice for in-space application with long durations. The higher density of methane compared to hydrogen allows for smaller fuel tanks (less structure mass) and yields less pumped volume over time for the turbo pumps. Therefore, the European industry and research institutes like the German Aerospace Center (DLR) have to increase efforts on developing and validating numerical models, for the behavior prediction of rocket engine parts utilizing the propellant combination LOX/CH4. 4 The present study concentrates on the development of a numerical model for the prediction and investigation of the transition behavior of a dual bell nozzle [5] [6] [7] [8] [9] [10] under LOX/CH4 hot flow conditions. The dual bell nozzle is an altitude compensating nozzle concept. It combines the advantage of a nozzle with small expansion ratio under sea-level conditions and a nozzle with large area ratio under high altitude conditions. The main stage engine of modern parallel staged launchers like the European heavy launcher Ariane 5 is ignited prior to the booster stage for safety reasons. This means the main stage engine has to operate over a wide range of altitude from sea-level up to almost vacuum conditions. Due to potential flow separation under high ambient pressure conditions, the expansion ratio of conventional nozzles is limited. The consequence of the expansion ratio limitation is a reduced performance under high altitude conditions. The dual bell nozzle consists of a base nozzle and a nozzle extension linked by an abrupt change in wall angle. This contour inflection forces the flow to a controlled and symmetrical separation under sea-level conditions. During ascend of the launcher the ambient pressure decreases. After reaching a given nozzle pressure ratio (total combustion chamber pressure over ambient pressure), the flow separation position moves abruptly to the exit area of the dual bell nozzle extension and a higher expansion ratio is reached for a wide range of the launcher trajectory. This increase of engine performance yields a potential payload gain. 11 The principle of the dual bell nozzle concept is illustrated in figure 1 . Sea-level mode (top) and altitude mode (bottom) are both well known stable operation conditions and are of lesser interest in scientific research. The main focus is on the transition from one mode to the other.
II. Basic Numerical Verification
A. The DLR-TAU-Code
The numerical study was performed with the second order finite-volume DLR-Navier-Stokes flow solver TAU, 12 which has been validated for a wide range of steady and unsteady sub-, trans-and hypersonic flows. 13 For the present investigation, TAU was applied to solve the Reynolds-averaged Navier-Stokes equations on two-dimensional and axisymmetric hybrid structured/unstructured grids. Turbulence modeling was conducted using the Spalart-Allmaras turbulence model 14 which yielded good results for the prediction of the separation position in over-expanded nozzle flows 15 and of the dual bell nozzle flow transition behavior. [16] [17] [18] The AUSMDV 19 upwind scheme was applied for discretization of the inviscid flux terms. A MUSCL-type gradient reconstruction was used to achieve second order spatial accuracy. Viscous terms were computed applying a second order central discretization. Time integration was performed by an implicit backward Euler method with LU-SGS scheme. Time-accurate solutions were obtained using a Jameson-type dual time-stepping scheme 20 with second order temporal discretization, applying a physical time step of 1 · 10 −6 s. An Arrhenius approach was applied for the modeling of the combustion processes in the reactive flow in chemical non-equilibrium . The flow is considered as a reacting mixture of thermally perfect gases. The thermodynamic properties are given by a look-up table and a dedicated transport equation is solved for each individual chemical species. The Arrhenius law 21 in the form:
yields the forward reaction rates. Where k is the reaction rate of the dedicated chemical reaction. The backward rates are obtained from the equilibrium constant. A detailed overview of the thermo-chemical modelling for reacting flows in chemical non-equilibrium used in the DLR-TAU-code is given by Karl.
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B. Auto Ignition Delay
For the intended hot flow simulations of the dual bell nozzle flow field, a thermo-chemistry model for methane oxidation in chemical non-equilibrium had to be implemented in DLR's flow solver TAU. A 66-step methane reaction mechanism 23 for low-pressure methane combustion with NOx formation submodel containing 23 species was applied, because of the main interest in the supersonic low-pressure part of the thrust nozzle.
Auto ignition delay simulations were conducted and compared with experimental data from Petersen et al., 24 to evaluate the validity of the methane reaction mechanism implementation. Therefore, transient numerical simulations of the self ignition process in a volume filled with a mixture of methane, oxygen and Table 1 . Composition of the gas mixture used for the determination of the auto ignition delay.
Mixture
X CH4 X O2 X N2 CH4/O2/N2 0.0525 0.2098 0.7377 nitrogen at different pressures and temperatures were carried out. Table 1 lists the mole fractions of the different mixture components. The gas mixture had a fuel-lean equivalence ratio of Φ = 0.5. A mixture set of seven cases at different pressures and temperatures was investigated. Table 2 summarizes the start conditions of the seven conducted transient auto ignition delay simulations and lists the experimentally obtained auto ignition delay from Petersen. Figure 2 illustrates the temperature raise over time in the examined volume, for the auto ignition cases 1 to 7. It can be observed that a higher initial temperature results in a faster increase of the internal volume temperature which leads to a shorter auto ignition delay duration. Starting at a lower temperature the gas mixture takes much longer to auto ignite.
The temperature data of the different configurations were used for the evaluation of the dedicated auto ignition delays. The moment of auto ignition was defined through a given increase in temperature between two time steps. The definition for the determination of the auto ignition delay was kept constant for all configurations. Figure 3 depicts the comparison of the numerically obtained auto ignition delays and the experimental data from Petersen et al. 24 A very good agreement between the numerical and experimental data is shown. Thus, the implementation of the methane reaction mechanism for low-pressure application in DLR's flow solver TAU is considered valid and can be utilized for more extensive problems.
C. Reactive Nozzle Flow in Chemical Non-Equilibrium
The implemented and validated chemical reaction mechanism for low-pressure methane combustion was applied on a generic nozzle configuration. Therefore, a 2D axisymmetric RANS simulation of the generic nozzle flow was conducted. The generic nozzle had a throat radius of 100 mm and a total length of L t /R th = 9.0. The expansion ratio was 14.0 and the contraction ratio 4.0. Only the inner nozzle flow was simulated, The flow was considered to be 2D-axisymmetric. A combustion chamber mixture ratio (ROF) of 3.2 was chosen, which corresponds to real engine operation condition.
1 At the nozzle inlet a reservoir-pressure boundary condition was applied, specifying total pressure and density. The corresponding flow conditions were computed with isentropic expansion from the total conditions towards the local flow velocity. The residence time of the combustion gases in the combustion chamber was assumed long enough to reach chemical equilibrium. Thus, the flow entered the nozzle in chemical equilibrium state. For the nozzle wall a full turbulent, viscous, non catalytic and isothermal boundary condition was applied. The temperature of the nozzle wall was specified to 400 K. At the nozzle exit area a supersonic outflow boundary condition was defined. The influence of the modeled turbulence on the detailed chemistry was neglected. Figure 4 illustrates the numerical grid of the generic nozzle flow simulation and the dedicated boundary conditions. A hybrid grid was applied with a structured part along the nozzle wall to resolve the boundary layer and an unstructured part discretizing the rest of the flow field. Due to the expansion of the combustion gases, the temperature decreases in flow direction. Thus, the dissociated molecules in the combustion chamber recombine. The temperature distribution of the generic nozzle flow field is depicted by figure 5. A combustion temperature higher than 3350 K can be observed for the chemical equilibrium state. Due to the expansion of the combustion gases, the temperature decreases to less than 1700 K. Figure 6 illustrates the dedicated Mach number distribution of the generic nozzle flow simulation. A Mach number higher than 3.4 is reached at the exit area of the nozzle. The mass fraction distribution along the generic nozzle center line of all the 20 species occurring in the combustion gas is illustrated in figure 7 . Hereinafter, the non-equilibrium simulation result, using the full reaction mechanism of Slavinskaya et al., 23 is considered as the reference solution for the authors. All following simulations are compared to this baseline simulation.
D. Frozen Nozzle Flow
An approximation for the LOX/CH4 nozzle flow simulations is desirable, because of the very high computational costs for the application of the 66-step reaction mechanism. If the chemical time scales are much higher than the aerodynamic time scales, no reactions will occur inside the nozzle. The hot gas would leave the nozzle before the reactions start. This condition is called frozen nozzle flow. If real rocket engines would show this behavior, a significant reduction of the computational costs would be feasible.
RANS simulations of the generic nozzle flow were conducted, applying a frozen chemical model. All geometry values and boundary conditions were the same as the ones used for the chemical non-equilibrium simulations. The results of the frozen nozzle flow were compared to the chemical non-equilibrium results to investigate the impact of a finite-rate chemistry on a LOX/CH4 hot gas nozzle flow. Figure 8 illustrates the comparison of the temperature distributions between the non-equilibrium and the frozen nozzle flow simulation results. Due to less recombination of the dissociated molecules, the temperature in the flow field of the frozen condition is lower than the temperature of the non-equilibrium flow field. This has a direct impact on the Mach number distribution as illustrated in figure 9 . It can be observed, that the Mach numbers along the generic nozzle of the frozen case are much higher than of the non-equilibrium case. This difference in Mach number would have a strong impact on the flow separation position, 25 in simulations of a highly over-expanded and separated nozzle flow. Thus, the approximation of a frozen nozzle flow seems not to be valid in the case of a LOX/CH4 combustion and expansion. In addition the not valid assumption can be observed in figure 10 . Here, for both cases the mass fraction development of the three major species in the combustion gas water, carbon dioxide and carbon monoxide is illustrated. For the frozen conditions no reaction takes place and the mass fractions along the generic nozzle are constant. Downstream of the nozzle throat at x/R th = 0 the deviation from the non-equilibrium solution increases. The largest deviation can be observed for carbon dioxide at the nozzle exit area. The frozen nozzle flow assumption could also lead to an underestimation of the heat flux inside the nozzle wall, compared to a finite-rate chemistry.
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E. Reactive Nozzle Flow in Chemical Equilibrium
The other extrema for an approximation of the LOX/CH4 nozzle flow is an assumption of chemical equilibrium everywhere in the flow field. This means that the chemical time scales are much smaller than the aerodynamic time scales. Thus, the hot gas spends enough time in each control volume, which is used to discretize the nozzle flow, to reach locally chemical equilibrium. A valid chemical equilibrium assumption would lead to a significant reduction of computational cost, because of the possible tabulation of the chemical composition in dependency to the temperature and the density before the simulation and an interpolation between the tabulated values during the simulation.
A RANS simulation of the generic nozzle flow using the chemical equilibrium approach was conducted and the results were compared with the non-equilibrium simulation. All boundary conditions were the same as for the chemical non-equilibrium and the frozen flow simulations. The impact of an chemical equilibrium approach compared to the non-equilibrium approach is illustrated in the figures 11-13. the non-equilibrium results can be observed than it was obtained by applying the frozen nozzle flow approach. In addition to the mentioned disadvantages, the chemical equilibrium assumption could lead to an overestimation of the heat flux inside the nozzle wall, compared to a finite-rate chemistry.
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F. Reduced Chemical Reaction Mechanism for Nozzle Flow Application
The reaction mechanism of Slavinskaya et al. was reduced by applying an engineering approach, because the frozen and the chemical equilibrium nozzle flow assumptions were not reliable for a later application on overexpanded dual-bell nozzles. In order to reduce computational costs, all species with an mass fraction less than 1 · 10 −3 (cf. figure 7) were neglected. Thus, only the reactions composed of the left over species were taken into account.
This yielded a not closed 7-step reaction mechanism, for the expansion of reactive LOX/CH4 combustion gas in a hypersonic nozzle containing 10 species. The chemical reactions and the dedicated values for the Arrhenius law (cf. equation 1) are listed in table 4. Third body efficiencies are considered due to different Arrhenius factors. The later conducted simulations applying the reduced chemical reaction mechanism yielded a computational cost reduction of 93 % compared to the chemical baseline model.
The reduced reaction mechanism was applied to the generic nozzle flow simulations, using the same Figure 14 illustrates the comparison of the temperature distributions. A good agreement of the temperature field can be observed. Figure 15 depicts the comparison of the Mach number distribution. Compared to the results of the frozen and the chemical equilibrium approach, the Mach number distribution of the 7-step simulation agrees well with the 66-step simulation results. The 7-step approach seems to be promising for the prediction of the flow separation position in highly overexpanded thrust nozzles under LOX/CH4 hot flow conditions, because of the good agreement in Mach number distribution. 25 In downstream direction with increasing flow expansion the deviation from the 66-step simulation increases slightly. Figure 16 illustrates the mass fraction development along the nozzle center line for the three major species water, carbon dioxide and carbon monoxide. These three species together account more than 90 % of the total combustion gas mass. The agreement of the 66-step and 7-step RANS simulations is satisfying along the entire generic nozzle. Figure 17 depicts the mass fraction development along the nozzle wall for the three major species. The combustion gas composition near the wall would be important, if a reliable estimation of the heat flux inside the wall is requested. Upstream of the nozzle throat a large deviation between the 66-step and 7-step simulations can be observed. Downstream of the nozzle throat the agreement of the two different approaches increases. Thus, for the estimation of the combustion gas composition at the wall of the combustion chamber or the convergent part of the thrust nozzle the 7-step approach is not a reliable choice. But for a estimation downstream of the nozzle throat the 7-step reaction mechanism yields good agreement with the baseline model. The developed 7-step chemistry model seems to be a reliable simulation tool, due to the main interrest in boundary layer separation in the divergent part of the thrust nozzle downstream of the nozzle throat. Further validation is conducted in the following sections.
III. Experimental Setup
A. Dual-Bell Nozzle Test Specimen
Validation data, for the following numerical simulations of the dual-bell nozzle transition behavior under LOX/CH4 hot flow conditions, were obtained by a hot firing test campaign at DLR's test facility P6.1 in Lampoldshausen. The main focus during the test campaign was on the investigation of the influence of the combustion chamber mixture ratio on the transition behavior of a dual-bell nozzle.
Therefore, a dual-bell nozzle model was designed using a DLR in-house code based on the method of characteristics (MOC). 27 The contour of the base nozzle was designed as a truncated ideal contour (TIC) Figure 18 . Construction plot of the tested dual-bell nozzle model. with a design Mach number Ma d of 3.5. This ensured a undisturbed flow field at the nozzle exit without internal shocks interacting with the free shock separation shock pattern. The design mixture ratio for the nozzle was 3.2. The dual-bell nozzle was designed with a positive wall pressure gradient (PP) along the nozzle extension. A dual-bell nozzle configuration with TIC base nozzle and PP extension was proved to ensure a fast transition • from sea-level to altitude mode for cold flow conditions. 18 The nozzle had a total length of 176 mm and a throat radius of 10 mm. The base nozzle and the nozzle extension were linked by a contour inflection angle of 12
• . Expansion ratios of the base nozzle and the nozzle extension with all important geometrical parameters of the nozzle model are listed in table 5.
The dual bell nozzle model was made of copper alloy due to the high thermal conductivity and therefore good cooling properties. Figure 18 illustrates a sketch of the dual-bell nozzle model. For the regenerative water cooling, the nozzle model was equipped with forty cooling channels. These cooling channels were milled in the nozzle model and closed by galvanization. The water was distributed inside the cooling channels by a manifold at ǫ = 5, directed to the nozzle lip and redirected to the manifold. This complex configuration was chosen, in order to realize realistic flow conditions at the nozzle exit area without flow disturbance by a manifold. Figure 19 depicts the dual-bell nozzle model mounted at DLR's test facility P6.1 in Lampoldshausen.
B. Test Conditions and Instrumentation at Test Facility P6.1
The tests were conducted at DLR's hot flow test facility P6.1 in Lampoldshausen. The test site offers testing of sub-scale combustion chambers and nozzles, using the cryogenic propellant combinations oxygen/hydrogen or oxygen/methane. For the present study methane was chosen as fuel. The hot gas for the nozzle investigation was generated by a combustion chamber with a diameter of 50 cm and a injection head with 15 coaxial injector elements. Criterion for the length of the combustion chamber was to reach almost chemical equilibrium at the inlet of the dual bell nozzle. The maximum propellant mass flow rate was 1.5 kg/s. In order to reach an almost constant temperature of 400 K along the wall, the nozzle was over-cooled with a cooling water mass flow rate of approx. 3 kg/s. The test duration was limited to approx. 90 s by the amount of cooling water available.
Wall pressure data were obtained by the application of dynamic pressure transducers. Sixteen dynamic pressure transducers were placed along the dual-bell nozzle extension, to track the separation position during transition and retransition of the flow. The distance between the pressure ports was 8 mm. In the vicinity of the contour inflection the resolution was increased by a pressure port interval of 2 mm. The sampling frequency of the Kulites was 25 kHz. For the protection of the transducers, they were placed in copper blocks at a short distance from the nozzle model. The transducers were connected to the hot flow through thin pipes and 0.8 mm orifices at the end. Figure 20 illustrates a typical test profile of the conducted investigations. During the tests the combustion chamber pressure was ramped up and down to reach different nozzle pressure ratios (NPR = p 0 /p a ). The mixture ratio in the combustion chamber was kept as constant as possible during the tests. The blue line in figure 20 indicates the signal of a pressure transducer in the dual-bell nozzle extension. When a specific value of combustion chamber pressure is reached, transition to altitude mode takes place and the pressure in the extension decreases abruptly due to the attached hot gas flow. After a period of time in altitude mode the combustion chamber pressure is decreased again until the retransition NPR is reached. At this point the pressure in the nozzle extension increases again back to almost ambient pressure. The gap between transition and retransition NPR is called dual-bell hysteresis and is a well known effect from cold flow experiments.
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C. Experimental Results
In order to investigate the impact of the combustion chamber mixture ratio on the transition and retransition NPR, several test runs at different ROFs were conducted. The transition and retransition ROF had to be determined based on the experimental mass flow rate data of the liquid oxygen and the methane, because of the fluctuating ROF during the test. Figure 21 illustrates the transition and retransition NPRs as a function of ROF for all conducted test runs. A clear impact of the mixture ratio on the transition and retransition NPR can be observed. With decreasing ROF the transition and retransition NPRs increase and the hysteresis between them decreases. This dependency of the transition and retransition NPR and the mixture ratio could be used for an active control of the dual-bell nozzle during flight. Thus, for the transition to altitude mode the buffeting phase could be avoided and the dual-bell transition could be triggered at a specific altitude.
Changing the mixture ratio would be easier than varying the combustion chamber pressure as proposed in former studies. A more detailed evaluation of the experimental results is given by Génin et al. 29 The obtained experimental data are used in the following sections, for the validation of the numerical modelling of the dual-bell transition behavior under LOX/CH4 hot flow conditions.
IV. Numerical Investigation of the Dual-Bell Nozzle Flow
A. Numerical Setup RANS simulations of the dual-bell nozzle flow under LOX/CH4 hot flow conditions were conducted, in order to investigate the transition behavior and to validate the reduced chemical reaction mechanism. The simulations were carried out on 2D axisymmetric hybrid (structured/unstructured) grids. Figure 22 illustrates the numerical computation domain with the applied boundary conditions. The ambient conditions around the nozzle were modeled by applying a flux-based far-field boundary condition. 30 In order to minimize the influence of the far-field boundary conditions, the dimensions of the computational domain were 45 · L t in the x-direction by 14 · L t in the z-direction. For the nozzle inflow and the nozzle wall, the same boundary conditions were applied as the ones described for the generic nozzle flow simulations. Along the nozzle wall a turbulent boundary layer was assumed. Prismatic sublayers along the inner nozzle wall were used to resolve the viscous boundary layer. A dimensionless wall spacing of y + = O(1) was applied, to ensure a sufficient resolution of the laminar sublayer. A detailed grid study was conducted to show the grid independence of the obtained results. Furthermore, a density gradient based indicator was used to control the fully automated grid adaptation in the vicinity of shocks and shear layers. The adapted grid is illustrated at the bottom of figure 22 .
B. Reactive Dual-Bell Nozzle Flow in Chemical Non-Equilibrium
Based on the authors cold flow expertise 16 dual-bell nozzle flow RANS simulations were carried out to validate the introduced 7-step reaction mechanism and to investigate the impact of the combustion chamber mixture ratio on the dual-bell transition behavior. Therefore, RANS simulations at different NPRs were conducted. The result of each simulation was used as initial condition for the next NPR step. At each NPR step grid adaptation was applied to increase the grid resolution in the vicinity of high density gradients (shocks/shear layers). After each adaptation step, full convergence was reached. The numerical grid was refined, until no more impact on the flow field was observed. For each NPR step the separation position of the dual-bell nozzle flow was determined. It can be observed, that for the simulation at NPR 40 the separation position is already located in the inflection region of the dual-bell nozzle extension. The nozzle is in sneak transition 31 state. Downstream to the separation position the wall pressure increases, but the level of the experimental wall pressure is not reached. Thus, the wall pressure increases progressively up to the experimental value at the nozzle exit area. This behavior of the numerical wall pressure in the region of the recirculation flow of a dual-bell nozzle in Figure 25 . Comparison of the Mach number distribution at NPR 40 and ROF 3.07 between 66-step (top) and 7-step (bottom) chemistry.
sea-level mode is also observed in the case of cold flow simulations applying the Spalart-Allmaras turbulence model. 16 The discrepancy is not a result of the applied chemistry model. Figure 24 depicts the same plot for the 7-step reaction mechanism, which was introduced before. Almost no difference between 66-step and 7-step results can be observed. Only a slightly more downstream flow separation for the 7-step reaction mechanism occurs. Figure 25 illustrates the comparison of the Mach number distribution between the 66-step and 7-step simulations at ROF 3.07 for NPR 40. A clear sneak transition state can be observed for both chemical models. In the core flow the Mach number of the 7-step simulation is slightly higher than for the baseline model. In terms of estimating the Mach number and wall pressure distribution the 7-step reaction mechanism is a satisfying approach.
The dual-bell transition behavior for the 66-step and 7-step simulations is illustrated in figure 26 . Here, the separation positions of the dual-bell nozzle flow is plotted as a function of NPR. Almost no difference between the two reaction mechanisms can be observed. Between NPR 40 and 46 the flow separation position moves slightly inside the dual-bell nozzle extension. Between NPR 46 and 49 transition takes place and the Figure 26 . Dual-bell transition behavior at ROF 2.0 for the 66-step and 7-step reaction mechanism compared with the experimental value.
flow separation position moves downstream to the nozzle exit area. At NPR 50 the flow separation position reaches the end effect regime at approx. 95 % of the dual-bell nozzle extension length. This value was defined as the numerical transition NPR. During the experiments transition occurred at approx. NPR 52. This means a deviation between experimental and numerical value of approx. 4 %. The 7-step methane reaction mechanism saved 93 % of computational cost and yielded the same results for the dual-bell nozzle flow transition behavior prediction. Figure 27 illustrates the transition NPR as a function of mixture ratio for the RANS simulations using the reduced chemical mechanism, the experiments and the prediction obtained from the design method based on MOC. For all three methods a clear impact of the ROF on the transition NPR can be observed. With decreasing ROF the transition NPR shifts to higher values. With increasing ROF the influence of ROF Figure 27 . Impact of the combustion chamber mixture ratio on the dual-bell transition nozzle pressure ratio.
gets weaker and the curves approach asymptotically to a specific value. Compared to the experiments the MOC overestimates the impact of the ROF, especially at low ROFs. At ROF 2.0 the agreement of the RANS simulations with the experiments is satisfying. With increasing ROF the deviation between RANS simulation and experiment increases and reaches a maximum value of 14 % at ROF 3.1.
V. Conclusions
A numerical model was developed to investigate the dual-bell transition behavior under LOX/CH4 hot flow conditions. Therefore, the DLR-Navier-Stokes flow solver TAU was upgraded with a 66-step chemical reaction mechanism for LOX/CH4 combustion under low pressure conditions. Auto ignition delay simulations were conducted to prove the validity of the implementation. Then the 66-step reaction mechanism was applied for RANS simulations of a generic nozzle flow. This baseline simulation was compared to chemical equilibrium simulations and to a frozen nozzle flow approach to study the impact of a finite rate chemistry on a reactive hypersonic nozzle flow under LOX/CH4 hot flow conditions and to investigate a potential save in computational cost. The chemical baseline model was reduced to a basic 7-step configuration, because of the not satisfying results in terms of reducing the computational cost. This setup yielded good agreement with the original baseline model and was applied on a dual-bell nozzle flow. Validation data were obtained by a hot flow test campaign. Here, the influence of the combustion chamber mixture ratio on the dual-bell transition NPR was shown. With decreasing ROF the transition NPR is shifted to higher values. This behavior could be a potential control mechanism to take influence on the dual-bell transition altitude during the flight of a launcher with dual-bell nozzle engine. RANS simulations of the dual-bell nozzle flow were conducted, using the 66-step baseline-and the 7-step chemical mechanism. Almost no difference between the two approaches for the dual-bell transition was observed. The 7-step chemistry seems to be sufficient for the study of the flow expansion in supersonic nozzles and can save up to 93 % of computational effort compared to the baseline model. The reduced chemical model was applied for RANS simulations of the dual-bell transition at different ROF. The impact of the ROF on the transition NPR was clearly reproduced by the numerical approach. A maximum transition NPR prediction deviation of 14 % for a ROF of 3.1 was reached.
